Abstract A new pellet injection system was installed on the EAST tokamak and preliminary experiments were performed during the 2012 run campaign. Typical phenomena associated with deuterium pellet injection into a plasma discharge have been observed including sudden increases of the electron density and Hα/Dα emission intensity as well as a significant decrease in plasma electron temperature. Profiles have been studied in order to understand the influence of pellet fuelling on EAST discharges. Even though the injector was specifically designed for plasma fuelling, ELM triggering using the pellet injection has also been tested. In order to find appropriate parameters for triggering ELMs in H-mode plasmas, scanning of the pellet injection speed was employed for pellets injected from both the high field side and low field side of the plasma column. It has been observed that low-speed pellets injected into H-mode plasma from the low-field side could trigger an ELM followed by a number of smaller induced ELMs at about 300 Hz.
First Results of Pellet Injection Experiments on EAST

Introduction
Pellet injection provides a fuelling source and can also induce changes in plasma transport [1] . In addition, pellet injection has been proven to be an effective approach to control edge-localized modes (ELMs). The feasibility of ELM control by continuous injection of small frozen deuterium pellets into H-mode discharges has been demonstrated on the ASDEX Upgrade device. In particular, large intrinsic ELMs at 3 Hz were completely replaced by regular, pellet-induced type-I ELMs at 19 Hz [2] . Subsequent work on the ASDEX Upgrade demonstrated that the injection of small cryogenic deuterium pellets (∼2.5×10
19 D atoms) at rates up to 83 Hz accomplished persisting ELM control without significant fuelling, thus enabling detailed investigations of the type-I ELM regime [3] . The pellet-pacing concept developed at the mid-sized tokamak ASDEX Upgrade was also considered for larger machines such as JET [4] and ITER. Recent investigations were clear steps toward validating the pellet-pacing approach for ITER [5] . The experimental advanced superconducting tokamak (EAST) is a non-circular advanced steady-state experimental device [6] . Significant technical improvements have been made since the first plasma was achieved in October 2006 and these improvements have enhanced EAST operation capabilities. Long pulse plasmas up to 400 s and stationary H-mode plasmas lasting over 30 s were achieved during the 2012 campaign [7] . In the near future, EAST is expected to obtain steady-state operation with plasma current up to 1 MA, and the total auxiliary heating power will increase to 20-30 MW including lower hybrid current drive (LHCD), neutral beam injection (NBI), electron cyclotron resonant heating (ECRH) and ion cyclotron resonant frequency (ICRF). Advanced plasma-facing components such as an actively-cooled ITER tungsten (W) divertor will also be installed. In addition, extensive advanced diagnostics will be developed and installed.
These new capabilities will also require new fuelling techniques, such as supersonic molecular beam injection and pellet injection. With the purpose of achieving high efficiency plasma core fuelling, a pellet injection system was designed and successfully tested on EAST during the 2012 run campaign. Additionally, ELMs control has recently become an important issue since stationary H-mode plasmas with giant ELMs have been achieved on EAST. ELMs control methods, such as pellet injec-tion and resonance magnetic perturbations, have been explored on other machines such as DIII-D, ASDEX-U and JET. Accordingly, preliminary efforts to trigger ELMs with the existing pellet injector were recently attempted.
This paper reports on the first results of deuterium (D) pellet injection in EAST during the 2012 campaign. The experimental conditions are described in section 2. Experimental observations and results are presented in section 3 and a summary and outlook is given in section 4.
Experimental setup
Experiments described below were performed during 2012 on EAST (R=1.85 m, a=0.45 m) with strong auxiliary heating power (up to 4 MW ICRF and 4 MW LHCD). In collaboration with PELIN LLC in Russia, a new pellet injection system was successfully installed on EAST in 2011. The pellet injector is shown schematically in Fig. 1 . PELIN LLC designed the pellet injector for EAST on the basis of earlier injectors developed for plasma fuelling on other fusion devices [8−10] . The injector [11] is cooled by liquid helium and able to produce hydrogen or deuterium ice rods continuously for more than 1000 s. Pellets are formed repetitively when an electromagnetic cutter slices off solid hydrogen/deuterium rods at various frequencies. At the same time, a fast valve provides a portion of high-purity helium propellant gas to accelerate the pellet. The pellet shape and size are measured and recorded when the pellet passes through an internal diagnostic chamber. The main pellet parameters are as follows: pellet diameter and length are both 2 mm, and the pellet content is D atoms. The maximum injection frequency is 10 Hz, and pellet velocity is adjustable from 150 m/s to 300 m/s.
Guide tubes are positioned on EAST to convey pellets to the plasma either from the low-field side (LFS) or from the high-field side (HFS). The length of LFS tube is nearly 4.5 m while the HFS tube is 9.5 m long. The minimum bend radius of the HFS guide tube is about 250 mm. An injection line was designed to connect the injector to either guide tube. External and effective pumping of the injection line ensures that the propellant gas has no influence on the EAST vacuum during the long periods of continuous pellet injection.
Diagnostics in the pellet injection line measure the pellet velocity and monitor the structural integrity of each pellet. The pellet velocity was measured by two photodiodes separated by a known distance and a highresolution CCD camera was used for recording the pellet in its flight path. The process of producing hydrogen or deuterium rod was recorded and displayed by another set of CCD cameras.
The use of additional diagnostics on EAST was helpful during the experiments. A vertical 3-channel far-infrared (FIR) 337-µm hydrogen cyanide (HCN) laser interferometer was adopted to measure the lineaveraged electron density. A 16-channel heterodyne electron cyclotron emission (ECE) system was used to measure the electron temperature. Two sets of absolute extreme ultraviolet (AXUV) arrays measured plasma radiation losses. Three multi-channel soft X-ray arrays provided intensity measurements. In addition, three thirty-five-channel photo-diode (PDA) camera arrays were used to measure spatial distributions of the line radiation. Layouts of the soft X-ray imaging system and the D α arrays are shown in Fig. 2 [12] .
Results
Influence of pellet fuelling on the plasma
Generally, after entering the plasma column, injected frozen pellets can cause significant perturbations to hot plasmas. While traversing the high temperature plasma, the deuterium pellet would undergo rapid bombardment by electrons and quickly form an ablation cloud. Accompanying the injection and ablation of the pellet, the plasma density would increase abruptly and in some cases can reach or even exceed the Greenwald limit [13, 14] . After pellet injection on EAST, other large changes were seen to occur in the plasma including sudden increases in the loop voltage and emission intensity. These increases were typically accompanied by a significant decrease in plasma electron temperature and soft X-ray intensity. Other impurity radiation intensities such as CIII, OII also increased.
Typical phenomena observed after pellet injection into EAST are shown in Fig. 3 . For this discharge, a pellet was injected from the HFS at 250 m/s. The target discharge parameters were: current (I p ) ∼400 kA, line-averaged electron density (n e ) ∼2.2×10 19 m −3 and Fig.2 Layouts of Dα arrays (upper) and soft X-ray arrays (lower) on EAST toroidal magnetic field (B t ) ∼2 T. Shortly after pellet injection, n e rose abruptly to ∼ 3.4 × 10 19 m −3 due to pellet fuelling. Simultaneously, the central electron temperature decreased nearly by half and recovered more than 200 milliseconds later. The plasma electrical conductivity was reduced due to the decreased electron temperature, and consequently the plasma loop voltage increased. It was observed that normally, following pellet injection, the resulting electron density decreased slowly and recovered a quasi steady-state after hundreds of milliseconds. The re-heat rate of T e was typically seen to be faster than the re-establishment of the pre-pellet n e . D α profiles have been studied in order to understand the influence of injected pellets. The profiles as derived from the D α -U array (Fig. 3) are shown in Fig. 4 . In this diagram a comparison has been made between LFS and HFS pellet injection under similar target discharge conditions. For the two discharges shown with I p = 400 kA and B t = 2 T, n e = 2.3×10 19 m −3 for shot 38101 (HFS) and n e = 3.0×10 19 m −3 for shot 38310 (LHS). Initial pellet velocities were ∼ 257 m/s for both the HFS and LFS pellets. The LHCD heating power was 1.0 MW for shot 38101 and 1.2 MW for shot 38310, respectively. The measured D α -U profiles demonstrate that HFS pellet injection caused a larger increase D α than was observed during LFS injection. Specifically, for HFS pellet injection, the intensity of D α channels close to the HFS nearly doubled while for those channels close to the LFS the intensity increase by several times. In contrast, for LFS injection, the intensity of D α channels close to the LFS roughly double while the intensity of channels close to the HFS show no significant relative increase. It may thus be inferred that the HFS pellet was injected deeper into the core plasma, while LFS pellets could not penetrate deeply enough to cause significant perturbation of the core plasma. From Fig. 4 , it may be inferred that EAST HFS pellets can penetrate into the core and cause quasi-immediate density increases across the plasma column. This rapid spreading of density might be caused by ∇B-induced drift which has been investigated in other machines [14] . Profiles of soft X-ray intensity were also studied in order to understand the influence of pellet injection on electron temperature, electron density and impurity content, as shown in Fig. 5 . It can be seen that, following LFS injection, the relative intensity of SXR signals exhibited a large (∼ 70%) and rapid (∼ 0.009 s) drop. In comparison, for HFS injection, there was a smaller (∼ 30%) and less rapid (∼ 0.02 s) relative drop in intensity. These measurements support the observation that LFS pellets do not penetrate into the plasma core and have only a transient influence on the plasma edge. 
ELM triggering with pellets
ELMs are instabilities universally seen during Hmode operation that result in large quasi-periodic heat and particle flows to the first wall and divertor target plates. The corresponding heat load can be large enough to cause significant erosion of plasma facing components (PFCs). This negative effect has become an important consideration for ITER operation [14] . Along with other ELM suppression techniques, pellet injection is a potentially effective technique to mitigate type-I ELM energy loss [15] . It has been observed empirically that W ELM f ELM =constant, where W ELM is the ELM energy and f ELM is the ELM repetition frequency [16] . Hence increasing the ELM frequency will bring about a concomitant reduction of ELM energy and thus a mitigation of potential damage to PFCs. Successful ELM pacing and mitigation by the injection of cryogenic deuterium pellets was first demonstrated on ASDEX Upgrade and later achieved on JET as well as other fusion devices [2−5] . These experimental results indicated pellet injection as a promising technique for ELM control.
Flexible H-mode operation on EAST can be achieved by lower hybrid current drive or ion cyclotron heating. Giant type-I ELMs as well as type-III ELMs have been observed and have caused significant power loads on divertor targets. Further, the EAST tokamak has a structure and first wall conditions similar to ITER. For example, ITER will operate with a full tungsten first wall and EAST will install tungsten divertor PFCs in 2014 as part of its long-term first-wall strategy. Thus it is believed that ELM control experiments on EAST can provide experiences and data relevant to future ITER H-mode operation.
However, owing to its relatively large pellet sizes and low injection frequency, the present EAST pellet injection system was not ideally designed as far as ELM mitigation was concerned. It was, nonetheless, undertaken to find appropriate pellet parameters for ELMs triggering. This was done, in part, to aid in the design of a future pellet injector dedicated for ELMs control.
Two groups of experiments were carried out, one with LFS pellet injection and the other with HFS pellet injection. To get suitable injection speeds for ELMs control, the pellet launch speed was changed from shot to shot. The speed was scanned from 150 m/s to 300 m/s at increments of 20 m/s. Fortunately, ELMs were triggered by LFS pellets at 170 m/s, as shown in Fig. 6 and in Fig. 7 . During the shot shown in these figures, the initial plasma density before pellet injection was n e ∼ 3.2 × 10 19 m −3 with B t ∼ 2 T, I p ∼ 500 kA and the plasma heating power was ∼ 1.2 MW and ∼ 1.1 MW. Before pellet injection, the target was an ELM-free H-mode discharge. In this plasma two pellets (launched at 3.6 s and 4.0 s and arriving ∼ 40 ms later) both successfully triggered large ELMs followed by several smaller ELMs. Further, the frequencies of the induced smaller ELMs were both ∼ 300 Hz. The observed duration of the induced ELMs were 37 ms (3.6 s launch) and 50 ms (4.0 s launch), respectively. The stored energies were decreased by about 16.5% (3.6 s launch) and 8.5% (4.0 s launch) during the ELM crashes. An additional discharge showed similar results for higher injection velocity and is summarized in Fig. 8 . In this case a LFS pellet injected at 5.4 s also triggered an ELM that was followed by several smaller induced ELMs. The frequency of induced ELMs was up to 285 Hz, and the duration of the induced ELMs was 35 ms. It is encouraging to note that, in this case, the stored energy was decreased by only about 6% during the initial ELM crash. Encouraging results were obtained in this first set of triggering experiments. However, as mentioned above, the primary purpose of the present EAST injection system is plasma fuelling. The pellet-triggered ELMs and subsequent induced small ELMs only occurred when the pellet ablated near the pedestal region. A possible explanation for the results presented above is that large LFS pellets with low launch speed cannot penetrate the plasma deeply and sometimes affect the pedestal parameters so that a small rapid ELM regime is entered into briefly. The physics of the complex ELM triggering mechanisms are not presently understood [17] . Investigations on other tokamaks have revealed that pellets used for triggering ELM should be small enough to avoid fuelling the main plasma. At the same time, however, minimum pellet sizes and penetration lengths are required to cause a sufficient perturbation for efficient triggering [5] . With the existing EAST pellet injector, triggering ELMs without plasma fuelling cannot be accomplished over a wide range of plasma parameters. This is mainly due to the fact that, at present, EAST pellets are too large and injected at speeds that are likely too high. With the observations from these initial experiments as a base, efforts to re-design a more appropriate injector will be undertaken in the future.
Summary and outlook
A repetitive pellet injection system has been installed and used successfully on EAST. First results were obtained during 2012 campaign and several phenomena associated with pellet injection into plasma discharges were observed. Influences of pellet injection on emission and soft X-ray intensity were also investigated. The experiments demonstrate that HFS pellet injection could penetrate deeply enough to achieve core fuelling while LFS pellets did not penetrate as deeply.
Preliminary ELM-triggering experiments were also undertaken during the 2012 campaign; even though the design of the pellet injector was not optimized to that purpose. It was observed during these H-mode experiments that LFS pellets could, in fact, trigger an ELM. Further, the initial triggered ELM was followed by many smaller ELMs with high repetition frequency (∼ 300 Hz). More work must be done to understand this reproducible phenomenon.
Future plans for pellet injection on EAST include improvements to the system diagnostics. For example, a resonant microwave cavity will be added to measure pellet mass loss. In addition, another pellet injection system with smaller pellet sizes and higher injection frequency for ELMs control is under consideration.
